ABSTRACT: Fat deposition influences both meat quality and animal productivity. However, it is not clear how fat development is regulated in growing and fattening beef cattle.
(EHD1), coagulation factor II (thrombin; F2), gelsolin (GSN), lamin A/C (LMNA), mitogen-activated protein kinase kinase 1 (MAP2K1), myosin, heavy chain 9, non-muscle (MYH9), orosomucoid 1 (ORM1), protein disulfide isomerase family A, member 3 (PDIA3), retinol binding protein 4, plasma (RBP4), renin binding protein (RENBP), succinate dehydrogenase complex, subunit A, flavoprotein (Fp; SDHA), serpin peptidase inhibitor, clade C (antithrombin), member 1 (SERPINC1), and serpin peptidase inhibitor, clade G (C1 inhibitor), member 1 (SERPING1). Further analysis of the expression levels of proteins associated with lipid metabolism indicated a downregulation in the synthesis of fatty acids at the cellular level at 15 compared to 12 mo of age. These results suggest that even though adipose tissue expanded, fat anabolism was reduced in adipocytes during growth, revealing a coordinated balance between subcutaneous fat mass and the cellular abundance of lipogenic proteins to control the rate of fat deposition in growing beef cattle. The findings observed in this study expand our understanding on how proteome of bovine adipose tissue is regulated during growth, which might help the development in the future of new strategies to manipulate adiposity in beef cattle in a manner that improves meat quality and animal productivity.
INTRODUCTION
Adipose tissue has significant influence on meat quality and animal productivity (Hausman et al., 2009; Dodson et al., 2010) . It is also a dynamic organ as it is the main form of energy storage in mammals and performs important endocrine roles such as the production of the peptide hormone leptin (Galic et al., 2010) . Understanding adipogenesis is a crucial step to develop strategies to manipulate adiposity in beef in an effort to produce even healthier meat products for consumers. Current knowledge of the molecular mechanisms controlling adipogenesis in bovine and other species arises mainly from transcriptomic studies . However, mRNA levels may not fully represent phenotype responses as transcript levels do not always correlate with protein expression (Schwanhausser et al., 2011) . Therefore, the characterization of translated proteins may be a valuable tool to study adipose tissue physiology and metabolism. Several factors can influence adipogenesis and fat development, including genetics, diet, fat depot location, and age (Kirkland et al., 2002; Hosooka et al., 2008; Jin et al., 2012) . Studies in beef cattle have shown intense developmental changes (hyperplasia and hypertrophy) in adipose tissue during growth (Robelin, 1981; Cianzio et al., 1985) . Age has also been shown to affect gene expression in bovine adipose tissue (Wang et al., 2009 ). To date, few studies have investigated the proteome of bovine adipose tissue (Rajesh et al., 2010; Zhao et al., 2010) , and those studies did not examine the nature of proteomic changes in bovine adipose tissue in finishing beef cattle. Therefore, the aim of this study was to analyze the proteomic changes in subcutaneous adipose tissue of steers at 12 and 15 mo in an effort to characterize the molecular mechanisms that control fat development in finishing beef cattle.
MATERIAL AND METHODS

Animal Study and Sample Collections
Eight 12-mo-old British-Continental steers were selected on the basis of similar BW (452 ± 22 kg) from a group of control steers (fed with feedlot diet, n = 15) that have been used to investigate the effect of triticale dried distillers' grain on α-linolenic acid in subcutaneous fat of beef cattle (He et al., 2012) . The animals were housed in individual pens at the Lethbridge Research Centre and were offered the same finishing diet (Table  1) and water ad libitum. The diet was supplied from 11 mo until slaughter at about 15.5 mo of age. Several performance measures were recorded throughout the experiment, including BW gain, feed intake, feed conversion, and carcass traits, including cutability and subcutaneous fat thickness. Subcutaneous adipose tissue was collected from each steer through biopsy (0.2 to 0.5 g of tissue) at 12 and 15 mo of age. The biopsy of 12-mo-old steers was performed at the left sagittal side at 15 cm to the last thoracic vertebrae of each steer. The biopsy of the 15-mo-old steers was performed within the same area but 8 cm left of the scar from the initial biopsy. Subcutaneous fat samples were immediately frozen in liquid nitrogen and kept at -80°C until further analysis. The animal study was approved by the Animal Care Committee of Lethbridge Research Centre, Agriculture Agri-food Canada with ACC 0930.
Measurement of Adipocytes Size
A portion of each above-collected biopsy sample was placed in warm saline solution and transported to the laboratory and processed immediately after sampling for adipocyte size measurement. Adipose tissues used for adipocyte measurement were cut into small pieces of approximately 80 mg and fixed with 1 mL of 5% osmium tetroxide (Cartwright, 1987) . Then, samples were removed from the osmium tetroxide solution and placed in 8 mol/L urea in physiologic saline (NaCl 0.9%) to soften the tissue and enable isolation of adipocytes. Adipocytes were washed with saline and transferred to a 24-well plate for microphotography using an inverted microscope (Olympus CKX41, Olympus, Tokyo, Japan) with a digital camera (Moticam 2300, Motic China Group Co., Ltd., Xiamen China). The diameter of adipocytes was determined by computer image analysis using the software Motic Images Plus 2.0 ML as described by He et al. (2010) .
Protein Extraction and Total Protein Quantification
Adipose tissue samples stored at -80°C were ground using a mortar and pestle in liquid nitrogen. Proteins were extracted from each sample by homogenizing 100 mg of ground adipose tissue with 1 mL of 2-D protein extraction buffer V with diluent II (Urea (<8 M), thiourea (<5 M), and 3-[(3-cholamidopropyl dimethylammonio]-1-propanesulfonate (CHAPS; <10%; GE Healthcare, Uppsala, Sweden) added with 
Label-Free LC-MS/MS Quantification
The total protein (30 µg) from each sample was subjected to label-free quantification LC-MS/MS (Old et al., 2005) at the Mass Spectrometry (MS) and Proteomics Resource of the W. M. Keck Foundation Biotechnology Resource Laboratory, Yale University (New Haven, CT). Briefly, extracted proteins were precipitated using methanol/chloroform and dissolved in 8 M urea/0.4 M ammonium bicarbonate (pH = 8.0) and DTT (45 mM), incubated at 37°C for 20 min, and cooled to room temperature. Protein samples were then incubated with 100 mM iodoacetamide (IAN) for 20 min at room temperature, digested with 3 µg of Lys C overnight at 37°C, and then incubated with 3 µg of trypsin for 6 h at 37°C. Next, 0.2 µg of protein of each trypsin-treated sample was subjected to LC-MS/ MS analysis. Liquid chromatography-tandem mass spectrometry was performed using a LTQ Orbitrap xL (Thermo Scientific, Waltham, MA) equipped with a Waters nanoAcquity UPLC system and used a Waters Symmetry C18 180 µm × 20 mm trap column and a 1.7 µm, 75 µm × 250 mm nanoAcquity UPLC column (35°C) for peptide separation. LTQ Orbitrap xL acquired MS using 1 microscan and a maximum injection time of 900 ms followed by 3 data-dependent MS/ MS acquisitions in the ion trap (Bordner et al., 2011) with 2.4 s of total cycle time for both MS and MS/MS acquisition. Samples were randomized with 2 blanks after each run, and each sample was run in triplicate. Progenesis LC-MS software (Nonlinear Dynamics Ltd., New Castle, UK; www.nonlinear.com) was used for data analysis. All runs were selected for detection with an automatic detection limit. A normalization factor was then calculated for each run to account for differences in sample loads among injections. The MS/ MS data were exported for Mascot database searching, and results were imported into the Progenesis LC-MS software, where search hits were assigned to corresponding features.
Database Search and Protein Identification
Proteins were identified by searching the MGF files from Progenesis LC-MS data analysis using Mascot search algorithm version 2.2.0 (Matrix Science Inc., London, UK; Hirosawa et al., 1993) . The data were searched using the UniProt database (www.uniprot.org) for bovine taxonomy with the following parameters: type of search (MS/MS Ion Search), enzyme (trypsin), variable modifications (carbamidomethyl (Cys), oxidation (Met)), mass values (monoisotopic), protein mass (unrestricted), peptide mass tolerance (±20 ppm), fragment mass tolerance (±0.6 Da), charge (+7), maximum missed cleavages (2), decoy (yes), and instrument type (ESI-TRAP).
Bioinformatics Analysis
Functional analyses for all proteins and differentially expressed upregulated and downregulated proteins were performed using Ingenuity Pathway Analysis Package (IPA; Ingenuity Systems, www.ingenuity.com). Proteins from the data set were mapped to the Ingenuity Knowledge Base and were associated with molecular and cellular functions. The right-tailed Fisher's exact test was used to calculate a P-value determining the probability that each biological function assigned to that data set was relevant. A P-value < 0.05 indicated that the function was significant to the data set. The Downstream Effects Analysis (IPA) was based on proteins differentially expressed between 12-and 15-mo-old steers and determined if a biological function increased or decreased based on which proteins were involved along with their expression values. Z scores > 2 or < -2 indicated that the activity of a relevant function was significantly increased or decreased. Statements of significance for data analyzed through IPA in functional analysis (P-value) and downstream effect analysis (zscore) were calculated on the basis of IPA algorithms.
Statistical Analysis
In this study a matched-pair design was used to compare the effects of growth using 8 steers at 2 different ages (12 and 15 mo old). Measurements of fat traits (adipocyte size and subcutaneous fat thickness) and protein expression for each age (12 and 15 mo old) were tested for normal distribution. A 2-sample paired t test was used to compare means of fat traits (P < 0.05). Protein expression was considered differentially expressed between 12-and 15-mo-old steers when P < 0.05 on the basis of a 2-sample paired t test and a fold change (FC) > +1.2 or < -1.2. A P-value set at 0.05 without multiple-test adjustment was used to control the introduction of type 2 error due to the small set of proteins detected between the 2 ages. Statistical analysis was performed with SAS software (SAS Inst. Inc., Cary, NC).
RESULTS
Adipose Tissue and Performance Measurement Changes with Age
Evidence of development in subcutaneous adipose tissue of steers was found during the 3-mo growth period with steers between 12 and 15 mo of age. Measurements of subcutaneous fat thickness using ultrasound showed an increase of more than 7 mm during this period (P < 0.001), a 116% increase in thickness. Biopsy samples from subcutaneous fat revealed that hypertrophy of adipocytes also occurred between 12 and 15 mo of age (P = 0.026). Performance traits have also shown significant animal growth such as a BW gain of 30% at 15 mo compared to the initial BW at 12 mo (Table 2) .
Proteomic Changes Associated with Age
A total of 627 proteins were identified and quantified in bovine subcutaneous adipose tissue using protein label-free quantification. Almost all proteins were detected in both ages, with 626 identified at 12 mo (n = 626) and all 627 being identified at 15 mo. Expression of a total of 123 proteins changed (P < 0.05) between 12 and 15 mo of age. The magnitude of this change differed among proteins. For example, the heat shock 60 kDa protein 1 varied less than 1.01-fold between 12 and 15 mo, whereas centrosomal protein 350 kDa exhibited a FC of more than 9. The difference in expression between 12 and 15 mo was more than 5-fold for 11 proteins, 2-to 5-fold for 67 proteins, 1.5-to 2-fold for 109 proteins, and 1.2-to 1.5-fold for 201 proteins. The remaining 239 proteins only varied up to 1.2-fold ( Fig. 1) .
Despite being a uniform group of steers with similar BW (452 ± 22 kg) and age (365 ± 19 d), the changes in protein levels were different according to each individual. For instance, 1 steer had 32.5% of proteins varying by more than 1.5-fold in expression between 12 and 15 mo of age, whereas in the same period expression of 70.3% of proteins varied more than 1.5-fold in another steer.
Functions of Proteins in Adipose Tissue during Growth
A total of 627 UniProt accession numbers identified through label-free quantification were mapped to 558 genes through the Ingenuity Knowledge Base (IPA). These genes were represented by 2 groups according to protein expression changes with a differentially expressed data set consisting of 101 proteins (P < 0.05 and FC > 1.2) and a nondifferentially expressed data set consisting of 457 proteins (P > 0.05). Core analysis using IPA identified the most relevant biological functions for the total protein data set. In total, 26 molecular and cellular functions were considered relevant (P < 0.05) for proteins detected in bovine subcutaneous adipose tissue (Table 3 ). The functional analysis revealed that adipose tissue proteins had a broad spectrum of action ranging from basic functions such as cell death and survival, with 237 associated proteins, to more specific roles such as protein degradation, with only 4 associated proteins. All 26 relevant functions had at least 1 protein differentially expressed (P < 0.05 and FC > 1.2) between 12 and 15 mo, suggesting the widespread impact of growth on cellular metabolism.
The set of proteins differentially expressed and mapped to the Ingenuity Knowledge Base (n = 101) was further analyzed by IPA Core Analysis as 2 separate subgroups; upregulated (n = 58) and downregulated (n = 43) proteins. Both upregulated (Fig. 2 ) and downregulated ( Fig. 3 ) proteins were associated with a total of 25 functions (P < 0.05 or -log(P-value) > 1.3, which is used for a better graphical representation of significance). The top 5 functions for differentially expressed upregulated proteins were cellular growth and proliferation, cell death and survival, cellular movement, cellular compromise, and cellular assembly and organization. The top 5 functions associated with differentially expressed downregulated proteins were cellular movement, cell-to-cell signaling and interaction, cell death and survival, cellular function and maintenance, and cellular assembly and organization. A total of 22 functions were common to both differentially expressed up-and downregulated proteins, with the order of functional relevance changing with regulation direction (Fig. 2 and 3 ). Functions in amino acid metabolism, energy production, and protein degradation were associated with only differentially expressed upregulated proteins, whereas gene expression, nucleic acid metabolism, and RNA posttranscriptional modification were specific to differentially expressed downregulated proteins. The prime function of adipose tissue, lipid metabolism, was relevant for both upregulated and downregulated protein data sets (P < 0.001), which illustrates the dynamic regulation of energy metabolism during growth.
The Upstream Analysis from IPA Core Analysis was performed for differentially expressed proteins (n = 101) with the molecule type filter set for transcriptional factors. A total of 52 transcriptional factors were predicted as molecules to significantly regulate the expression of differentially expressed proteins due to age. The influence of these transcriptional factors seems to be variable on the differentially expressed protein data set as some are predicted to regulate several differentially expressed proteins, such as tumor protein p53 (TP53; n = 18), whereas others are predicted to regulate only 1 differentially expressed protein, for example, nuclear receptor subfamily 1, group d, member 2 (NR1D2). Among the 52 transcription factors, TP53 was the only one that was predicted to be significantly more active (Z score = 2.218) at 15 mo compared to 12 mo, whereas Signal transducer and activator of transcription 3 (STAT3) was likely to be reduced at 15 mo as its activation prediction was very close to the significance cutoff (Z score = -1.969). Well-known transcription factors participating in adipogenesis/lipid metabolism were also predicted, including peroxisome proliferator-activated receptor α (PPARA), peroxisome proliferator-activated receptor γ coactivator 1-α (PPARGC1A), and CCAAT/enhancer binding protein (C/EBP), beta (CEBPB; data not shown). The top 10 transcription factors significant to the differentially expressed protein data set are shown in Table 4 . 
Lipid Metabolism Proteins
A total of 108 proteins expressed in subcutaneous adipose tissue were identified as molecules involved in different aspects of lipid metabolism by IPA Core Analysis. Among the functions identified, synthesis of fatty acids represented the main biological process in lipogenesis that supports the capability of adipose tissue to store energy in the form of lipids. A group of 26 out of 108 proteins was associated with the synthesis of fatty acids (P = 6.73 × 10 -6 ; Fig. 4 ). According to the Ingenuity Knowledge Base, half of these proteins (n = 13) were reported to be associated with the increased fatty acid synthesis, and 5 were associated with decreased fatty acid synthesis, whereas the role of the remaining 8 involved in fatty acid synthesis is presently unclear. Expression of 4 out of 5 proteins that were associated with the decrease of fatty acid synthesis increased between samples from 12 and 15 mo, whereas 8 out of 13 proteins that were associated with enhancing fatty acid synthesis decreased (Fig. 4) .
A set of 17 proteins was identified when the lipid metabolism proteins (n = 108) were subjected to a 1.2-fold or greater change in expression (P < 0.05) when comparing samples at 15 mo to those at 12 mo. Of these, 10 proteins were upregulated, from +1.323-to +1.910-fold, which included annexin A1 (ANXA1), apolipoprotein C-III (APOC3), apolipoprotein H (β-2-glycoprotein I; APOH), EH domain-containing 1 (EHD1), gelsolin (GSN), lamin A/C (LMNA), myosin, heavy chain 9, nonmuscle (MYH9), protein disulfide isomerase family A, member 3 (PDIA3), retinol binding protein 4, plasma (RBP4), and renin binding protein (RENBP). The other 7 proteins were downregulated with FC from -1.345 to -2.987, including acyl-CoA synthetase mediumchain family member 1 (ACSM1), coagulation factor II (thrombin; F2), mitogen-activated protein kinase kinase 1 (MAP2K1), orosomucoid 1 (ORM1), succinate dehydrogenase complex, subunit A, flavoprotein (Fp; SDHA), serpin peptidase inhibitor, clade C (antithrombin), member 1 (SERPINC1), and serpin peptidase inhibitor, clade G (C1 inhibitor), member 1 (SERPING1) when they grew from 12 mo to 15 mo (Table 5) .
IPA core analysis was performed for the 17 lipid metabolism proteins differentially expressed in steers between 2 ages (Table 5 ). The analysis revealed that these proteins were not only involved in lipid metabolism (P = 8.45 × 10 -11 ) but were also associated with up to 25 other functions, including carbohydrate metabolism (8 proteins, P = 2.52 × 10 -5 ), for example. Lipid metabolism possessed a total of 46 molecular and cellular subfunctions associated with the 17 differentially expressed proteins identified (P < 0.05). Proteins associated with 15 out of 46 lipid metabolism subfunctions involved in metabolic processes related to lipids, fatty acids, and triacylglycerol are summarized in Table 6 . The majority of proteins identified (10/17) were associated with fatty acid Figure 2 . Molecular and cellular functions of proteins upregulated in subcutaneous fat collected from steers at 12 and 15 mo of age. The likelihood of the association between the proteins in the data set and a biological function is represented as -log(P-value), with larger bars being more significant than shorter bars. The cutoff for significance was a P-value of 0.05 or -log(Pvalue) of 1.3, which indicates that all functions displayed were significant. The likelihood of the association between the proteins in the data set and a biological function is represented as -log(P-value), with larger bars being more significant than shorter bars. The cutoff for significance was a P-value of 0.05 or -log(Pvalue) of 1.3, which indicates that all functions displayed were significant. 1 The likelihood of the association between the predicted transcription factors and the differentially expressed proteins in the data set is represented as a P-value, with lower P-values being more significant than larger P-values. actin, gamma 2, smooth muscle, enteric (ACTG2), adducin 1 (alpha; ADD1), AHNAK Nucleoprotein (AHNAK), annexin A1 (ANXA1), apolipoprotein C-III (APOC3), apolipoprotein H (beta-2-glycoprotein I; APOH), Rho GTPase activating protein 5 (ARHGAP5), complement component 9 (C9), caldesmon 1 (CALD1), C-type lectin domain family 3, member B (CLEC3B), clusterin (CLU), crystallin, zeta (quinone reductase)-like 1 (CRYZL1), cold shock domain containing E1, RNA-binding (CSDE1), cysteine and glycine-rich protein 1 (CSRP1), cystatin B (stefin B; CSTB), EH-domain containing 1 (EHD1), ezrin (EZR), coagulation factor II (thrombin; F2), Fibrinogen alpha chain (FGA), fibrinogen beta chain (FGB), fibrinogen gamma chain (FGG), gelsolin (GSN), heterogeneous nuclear ribonucleoprotein D (AU-rich element RNA binding protein 1, 37kDa; HNRNPD), hemopexin (HPX), heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa; HSPA5), Inter-Alpha-Trypsin Inhibitor Heavy Chain Family Member 4(ITIH4), keratin 16 (KRT16), laminin, beta 2 (laminin S; LAMB2), lamin A/C (LMNA), mitogen-activated protein kinase kinase 1 (MAP2K1), myosin, heavy chain 9, non-muscle (MYH9), myosin, light chain 6, alkali, smooth muscle and non-muscle (MYL6), orosomucoid 1 (ORM1), PHD finger protein 2 (PHF2), polymeric immunoglobulin receptor (PIGR), pyruvate kinase, muscle (PKM), protein tyrosine phosphatase non-receptor type 13 (APO-1/CD95 (Fas)-associated phosphatase; PTPN13), retinoblastoma-like 2 (p130; RBL2), retinol binding protein 4, plasma (RBP4), reticulocalbin 1, EF-hand calcium binding domain (RCN1), RNA guanylyltransferase and 5'-phosphatase (RNGTT), S100 calcium binding protein A4 (S100A4), serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 1 (SERPINA1), serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 3 (SERPINA3), serpin peptidase inhibitor, clade C (antithrombin), member 1 (SERPINC1), serpin peptidase inhibitor, clade G (C1 inhibitor), member 1(SERPING1), transgelin 2 (TAGLN2), T-box 3 (TBX3), transducin-like enhancer of split 3 (E(sp1) homolog, Drosophila; TLE3),tryptase alpha/beta 1 (TPSAB1/TPSB2), tripartite motif containing 2 (TRIM2), WW domain binding protein 4 (WBP4). Figure 4 . Effects of changes in the expression of proteins on the synthesis of fatty acids in steers at 12 and 15 mo of age. Numbers bellow the gene symbols represent the fold change between 12-and 15-mo-old steers. Acetyl-CoA carboxylase α (ACACA), ATP citrate lyase (ACLY), acyl-CoA synthetase long-chain family member 1 (ACSL1), acyl-CoA synthetase medium-chain family member 1 (ACSM1), acyl-CoA synthetase short-chain family member 2 (ACSS2), adiponectin, C1Q and collagen domain containing (ADIPOQ), albumin (ALB), annexin A1 (ANxA1), apolipoprotein A-IV (APOA4), apolipoprotein B (APOB), apolipoprotein C-III (APOC3), caveolin 1, caveolae protein, 22 kDa (CAV1), coagulation factor II (thrombin; F2), fatty acid synthase (FASN), hemoglobin, β (HBB), kininogen 1 (KNG1), mitogen-activated protein kinase 1 (MAP2K1), macrophage migration inhibitory factor (glycosylation-inhibiting factor; MIF), myosin VA (heavy chain 12, myoxin; MYO5A), parkinson protein 7 (PARK7), plasminogen (PLG), stearoyl-CoA desaturase (delta-9-desaturase; SCD), serpin peptidase inhibitor, clade C (antithrombin), member 1 (SERPINC1), superoxide dismutase 1, soluble (SOD1), thioredoxin (TxN), vimentin (VIM). metabolism, whereas fewer proteins were found to be associated with other aspects of lipid metabolism such as transport of triacylglycerides (Table 6 ). The Downstream Effects Analysis (IPA) revealed that there was a trend of reduced lipids (Z score = -1.826) and fatty acid synthesis (Z score = -1.836) in subcutaneous fat tissues of 15-moold steers compared to 12-mo-old steers on the basis of changes in the expression of ACSM1, ANXA1, APOC3, F2, MAP2K1, PDIA3, and SERPINC1. These results show that even though these 17 differentially expressed proteins represented only 15.7% of all proteins involved in the metabolism of lipids, they play a relevant and essential role in fat metabolism and development.
DISCUSSION
Adipose tissue is a dynamic organ, as it stores energy in the form of lipids, and it also plays an important endocrine role by regulating metabolism, with the release of leptin, for example (Poulos et al., 2010) . Understanding the molecular regulation of adipose tissue is a key step to improve beef quality; however, the knowledge of how the adipose tissue proteome is influenced by physiological factors is lacking. To the best of our knowledge, this study is the first to examine the effect of growth (age) on bovine adipose tissue biology (in vivo) during feedlot production using a high-throughput proteomic-based approach. Our study characterized the molecular changes of adipose tissue of steers during growth at 12 and 15 mo of age by profiling the expression of 627 proteins through label-free quantification LC-MS/MS. It is worth noting that 627 proteins represent only a fraction of the total proteins expressed in bovine adipose tissue as 18,034 genes have previously been reported to be expressed at a single time in the subcutaneous fat of beef cattle (Jin et al., 2012) .
Adipose tissue development relies on hypertrophy and hyperplasia of adipocytes, and these processes are reported to occur more intensively when steers are young (Robelin, 1981; Cianzio et al., 1985) . Increases in the thickness of subcutaneous fat and hypertrophy of adipocytes were observed in steers from 12 to 15 mo of age. The change in adipocyte size represented an increase of about 11.6% in diam., but considering that adipocytes are spherical shaped, this represents a 36.6% increase in volume. The increase in adipocyte size alone (36.6%) is insufficient to account for the increase in subcutaneous fat thickness, and as a result, cellular proliferation (hyperplasia) must have also played a role in fat deposition at this site. Other important changes in performance/ adiposity traits have also been reported in these steers, including changes in the fatty acid profiles of subcutaneous fat (He et al., 2012) . It is a common practice for the Canadian beef industry to finish the steers with a highgrain diet for approximately 4 mo to reach a desired marked BW and increase fat content, e.g., marbling. However, excessive fat deposition in subcutaneous or visceral fat is not desirable as much of that fat is not consumed by humans, reducing the animal productivity . In this context, the age and diet of the steers in this study coincide with the finishing period of the beef industry.
Changes in the deposition of subcutaneous fat during beef cattle growth were also associated with modifications in the proteome profile within this tissue. There was more than a FC of 1.5 in the expression of approximately 28% of proteins in subcutaneous fat collected when the steers grew from 12 to 15 mo. As the proteins originate from translation, similar changes are likely to occur at the level of mRNA as well. A study using a microarray to measure gene expression of adipose tissue of mice at different ages (6, 14, and 18 mo) observed that approximately 20% of the genes expressed were affected by age (Liu et al., 2011) . Intramuscular fat collected from beef heifers at 3, 7, 12, 20, 25, and 30 mo of age also displayed age-related changes in gene expression, including PPARγ (Wang et al., 2009) , which is the main transcription factor regulating adipogenesis (Tang and Lane, 2012) . Surprisingly, the changes in proteome profile due to age were not uniform among steers (data not shown). Fat traits such as back fat thickness seemed to have higher variation (CV = 0.24) than other performance traits such as feed conversion (CV = 0.09) between the measurements at 12 and 15 mo of age. This individual variation may play an important role in the metabolism of adipose tissue in individual animals during growth, resulting in differences in adipose deposition even though individuals were of similar age and fed similar diets. Genetics might have been a factor promoting individual variation as the steers originated from British-Continental crosses from commercial operations in Alberta, Canada. Genetics has been shown to influence the adipose tissue molecular regulation. For example, Hereford × Aberdeen Angus vs. Charolais × Red Angus steers were found to have 650 genes that were differentially expressed (>1.5-fold) in subcutaneous adipose tissue (Jin et al., 2012) . There is also evidence that genetics impact microRNA expression in bovine adipose tissue (Jin et al., 2010) .
The IPA core analysis revealed that both differentially expressed proteins and proteins not affected by age were involved in a myriad of molecular and cellular functions in bovine adipose tissue. Proteins that were differentially expressed with age (P < 0.05 and FC > 1.2) accounted for a small proportion of the total proteins (101 vs. 457), yet they were associated with all 26 functions identified within the complete protein data set. Consequently, pinpointing the exact functional roles of this differentially expressed set of proteins is not feasible as they have a broad spectrum of activity within a cellular context, ranging from cell death and survival to posttranslational modification. In addition, the biological functions predicted by difference in expression (abundance) of the proteins may not represent the real changes in the activity. It is known that the function of the proteins can be also impacted by posttranslational modifications (PTM), which are key regulators of protein activity and involve the reversible covalent modification of proteins by small chemical groups, lipids, or even small proteins (Altelaar et al., 2013) . However, our data set based on differential expression can still represent the changes in terms of functions that have been defined on the basis of the annotation of their encoding genes. The functional analyses focusing on proteins significantly upregulated or downregulated during growth showed that these age-related changes were not associated with specific molecular or Table 6 . Functions of lipid metabolism proteins differentially expressed in the subcutaneous fat from steers at 12 and 15 mo of age 1 cellular functions as the majority (88%) of the functions were identified in both up-and downregulated protein data sets. These findings illustrate the dynamic balance involving increases or decreases in protein expression that collectively regulate the complex biological functions of bovine adipose tissue. For example, the expansion of adipose tissue (hypertrophy and hyperplasia) can be clearly associated with the function of cellular growth and proliferation, which was assigned as the top function for the proteins upregulated during growth; however, this function was also relevant for the set of proteins downregulated. Studies reported that proliferative and differentiation capabilities of adipocytes decrease in mice and rats as they age (Djian et al., 1983; Kirkland et al., 1990; Sepe et al., 2011) , a response that is at least in part due to changes in expression of the adipogenic transcription factor C/EBPα (Karagiannides et al., 2001) . The steers in this study would still be considered young (15 mo) as cattle can easily have a natural lifespan of more than 10 yr. Evidence showing adipocyte hypertrophy and hyperplasia indicates that the proliferative and differentiation capacity was not reduced in bovines. Therefore, their adipocyte functions were not impaired as observed in mouse or rat studies that have analyzed the impact of age in individuals with a much shorter lifespan and more extreme age differences (young vs. old). Protein levels in bovine adipose tissue may be regulated by upstream mechanisms, such as transcriptional factors (Rosen and MacDougald, 2006) and miRNAs (Romao et al., 2011) . The upstream analysis revealed information about possible regulation mechanisms in adipose tissue by transcriptional factors. These proteins account for a significant portion of the genes representing at least 6% of total protein-coding genes in the human genome (Vaquerizas et al., 2009) . Transcription factors are expressed at much lower levels than other proteincoding genes (Vaquerizas et al., 2009 ). Therefore, they are difficult to detect compared to proteins expressed at higher levels, which led to their underrepresentation in our protein data set. This analysis provided important information about the expression of adipose transcription factors regulating differentially expressed proteins in steers between 12 and 15 mo, which could not be detected by current LC-MS/MS technology. TP53 was predicted to be increased in adipose tissue of 15-mo-old steers and is likely to regulate up to a third of the differentially expressed proteins. Evidence suggests that TP53 expression inhibits the process of adipogenesis (Hallenborg et al., 2009) . STAT3 was another predicted transcription factor that is known to affect adipogenesis. This protein has been shown to induce adipogenesis by PPARγ activation (Wang et al., 2010) and was predicted to be reduced in 15-mo-old steers. These results suggest reduced adipogenesis at 15 mo when compared to 12 mo.
In ruminants, adipose tissue is the main anatomical site for lipogenesis as 92% of fatty acid synthesis occurs in this organ (Ingle et al., 1972) , whereas in humans and birds the liver is the main site of synthesis and in rodents both liver and adipose tissue are relevant for fat synthesis (Nafikov and Beitz, 2007; Laliotis et al., 2010) . Approximately 25% of the of lipid metabolism proteins identified in this study were involved in fatty acid synthesis. Most of the proteins with known effects on fatty acid synthesis (12 out of 18) had expression changes suggestive of reduced lipogenesis in subcutaneous fat of steers at the end of the finishing period (15 mo). However, these results may not be representative of changes in protein expression that may occur in other fat depots (e.g., visceral and intramuscular) as each location has distinct lipogenic activity (Ingle et al., 1972) and physiology (Palou et al., 2009; Rajesh et al., 2010) and develops in a distinctive manner during aging (Cartwright et al., 2007) .
Lipid metabolism did not rank as the top function for differentially expressed proteins up-or downregulated during growth; however, it was a relevant process for both data sets, with expression of 17 proteins clearly changing in subcutaneous fat samples collected at 12 and 15 mo of age. The magnitude of change of differentially expressed proteins involved in lipid metabolism was not dramatic with a FC of 1.3-3 in expression. Although subcutaneous adipose tissue expanded considerably during the 3-mo period of growth, extreme changes in protein expression would not be expected as all individuals were in a positive energy balance, under the same environmental conditions, and healthy and the interval of time represents a short duration relative to the overall lifespan of cattle. Even in mice, which have a much shorter lifespan, the comparison of adipocytes between 6-and 14-mo-old individuals has not shown extreme expression differences in the large majority of genes associated with adipocyte differentiation and other aspects of lipid metabolism (Liu et al., 2011) . Other factors have been shown to have a larger influence on adipose tissue molecular regulation in comparison to age. For example, gene expression in adipocytes of rats varied by as much as 8.4% across different fat depots (epididymal vs. perirenal fat), whereas this variation was only 0.02% in rats of different age (3, 17, and 30 mo old; Cartwright et al., 2010) . In one of our previous studies using the same steers we observed that 51% of the proteins expressed differently because of different fat depot location (subcutaneous vs. visceral fat) and 5.3% differed because of diet (high-vs. low-fat diet; Romao et al., 2013) .
Differentially expressed proteins involved in lipid metabolism were associated with several metabolic processes, including synthesis, transport, and release of lipids. On the basis of the results of the downstream effects analysis, the synthesis of lipids at the cellular level was reduced as the cattle aged. For example, proteins that have been reported to increase lipid synthesis were downregulated at 15 mo, such as MAP2K1 (Prusty et al., 2002) . A previous study has shown that the lipogenic capabilities of bovine adipocytes from subcutaneous fat were dependent on the cell size and further observed that there is a decrease in the incorporation of acetate into lipids in large adipocytes (>116 µm) isolated from finishing compared to growing steers (He et al., 1998) . During the same period, fat mass expanded in the steers as adipocyte size increased, and subcutaneous fat levels almost doubled. The expression of ANxA1 was indicative of fat expansion in beef as it has already been reported to be associated with increased fat mass in mice (Warne et al., 2006) and increased subcutaneous fat thickness in beef cattle (Zhao et al., 2010) . In the face of these opposing results (reduction in lipid synthesis at the cellular level vs. increase in fat mass) it is possible that the overall synthesis of lipids by subcutaneous fat depot did not decrease from 12 to 15 mo of age, as the reduction in lipid synthesis at the cellular level might have been compensated by the hyperplasia in adipose tissue. The mass of subcutaneous fat in steers was dependent on the difference between lipid anabolism and catabolism, which indicates that the continued combination of positive energy balance and growth leads to an increased overall rate of fat deposition compared to fat degradation. The reduction in the synthesis of fatty acids at the cellular level at the end of this period might have also been influenced by the fact that cattle were nearing the finish at 15 mo, which could lead to a decline in the rate of deposition of subcutaneous fat.
In conclusion, the period of finishing for beef cattle promoted a significant expansion of subcutaneous adipose tissue concomitant with proteomic expression changes associated with several biological processes, including lipid metabolism. Proteomic changes that occurred as the steers were growing indicated not only cellular growth and proliferation of adipose tissue but also a reduction in the synthesis of fatty acids at the cellular level. These findings suggest that the rate of fatty acids synthesis was adjusted during this growth period, revealing a coordinated balance between subcutaneous fat mass and the cellular abundance of lipogenic proteins to regulate the rate of fat deposition in growing beef cattle. It is noticeable that this study only identified ~600 proteins, which may present only a small proportion of bovine adipose proteome, and the analysis we used mainly relies on the understanding of human and murine species. It is necessary to perform further studies with more powerful protein identification techniques as well as bioinformatics tools to define the bovine adipogenesis-specific proteins and mechanisms. Regardless, the results obtained in this study expand our understanding of the proteome dynamics of bovine adipose tissue during growth, which might help with the development of new strategies to manipulate adiposity in beef cattle in the future, improving meat quality and animal productivity.
